Introduction {#s1}
============

Developmental dyslexia (DD) is characterized by severe problems in learning to read properly and is often accompanied by a comorbid spelling disorder. These difficulties arise unexpectedly, because affected children and adults possess the intelligence, motivation, and educational opportunities required for language acquisition and they do not suffer from neurological or sensory deficits (DSM-5: APA, [@B2]). With prevalence rates around 4--9%, DD is one of the most common specific developmental disorders (Shaywitz et al., [@B81]; Katusic et al., [@B36]; Esser et al., [@B23]). DD accompanies the individuals throughout their lifespan and interferes with academic achievement and professional success (Shaywitz et al., [@B78]; Daniel et al., [@B17]; Willcutt et al., [@B101]). In addition around 40% of children with DD suffer from comorbid psychiatric disorders, especially from externalizing disorders, low school-related self-esteem, and depressive symptoms, as a consequence of their failure in acquiring adequate reading and spelling skills (Willcutt and Pennington, [@B100]; Arnold et al., [@B3]; Daniel et al., [@B17]; Goldston et al., [@B27]; Willcutt et al., [@B101]; Mugnaini et al., [@B51]). Therefore, the attainment of sustainable intervention effects in children with DD is crucial.

In contrast, the empirical state of research for evidence-based evaluation of interventions for children with DD is low. Current meta-analyses quantified the effectiveness of treatment approaches on reading and spelling disabilities and reported only marginal to average effect sizes (Ise et al., [@B33]; Galuschka et al., [@B25]). Because DD has a neurobiological basis (e.g., Shaywitz et al., [@B79]; Shaywitz and Shaywitz, [@B80]; Caylak, [@B13]; Richlan, [@B64]; Richlan et al., [@B67]) it is important to understand how interventions work on the neuronal level. Does intervention normalize neuronal activity of children with DD? Or does intervention lead to an enhancement of compensatory mechanisms? A better understanding of treatment related changes on the neuronal level might help to refine intervention programs in order to make treatment more effective.

In addition, meta-analyses reported high heterogeneity between the effect sizes of different studies for both reading and spelling interventions (National Institute of Child Health and Human Development, [@B52]; Ise et al., [@B33]; McArthur et al., [@B46]; Galuschka et al., [@B25]). Weak and inconsistent effect sizes might amongst others arise by inclusion of participants who do not improve during intervention (non-improvers; NIMP). This assumption is supported by studies indicating that up to 30% of struggling readers do not benefit from intervention (Shanahan and Barr, [@B75]; Vaughn et al., [@B98]). A better understanding of neuronal differences between children who improve during intervention (improvers; IMP) and children who continue to struggle might help to predict treatment response and to further establish intervention programs adapted to the special needs of the latter.

Against this background, the aim of the present study was twofold. On the one hand we were interested in investigating which neurophysiological changes occur during treatment. A further goal was to explore whether there might be any pre-existing neurophysiological differences, between IMP and NIMP.

Over the past decade researchers began to focus on the neuronal processes related to inefficient reading and spelling abilities to understand the efficacy of reading and spelling interventions. Treatment-related functional changes have been observed in the neuronal reading network. Aberrant activation patterns in the subsystems of the neuronal reading network including posterior occipito-temporal and parieto-temporal regions as well as inferior-frontal areas in DD have been established (Shaywitz et al., [@B79]; Shaywitz and Shaywitz, [@B80]; Caylak, [@B13]; Richlan, [@B64]; Richlan et al., [@B67]). Compared to typically developing children, children with DD show a hypoactivation in the posterior subsystems of the left hemispheric reading network, which was found to be accompanied by an overactivation in homolog right hemispheric regions during performing language tasks (Simos et al., [@B83]; Demonet et al., [@B20]; Kronbichler et al., [@B38]; Shaywitz and Shaywitz, [@B80]; Richlan et al., [@B65]). With respect to the inferior-frontal subsystem results are less homogeneous. Some studies report hypoactivation (Paulesu et al., [@B55]; Wimmer et al., [@B102]; for meta-analyses see Richlan et al., [@B65], [@B66]) whereas others observed hyperactivation in subjects with DD (Salmelin et al., [@B68]; Shaywitz et al., [@B82]; Brunswick et al., [@B10]; for review see Pugh et al., [@B59]; Sandak et al., [@B69]). Furthermore, disconnectivity between posterior and frontal subsystems (Paulesu et al., [@B55]) as well as the two posterior subsystems (Shaywitz et al., [@B77]) of the neuronal reading network has been described. After intervention a normalization of activation in the neuronal reading network has been observed in English speaking children (Simos et al., [@B83], [@B84], [@B87]; Aylward et al., [@B4]; Temple et al., [@B94]; Shaywitz et al., [@B76]; Richards et al., [@B62]; Meyler et al., [@B48]) and adults with DD (Eden et al., [@B22]). Furthermore, it has been described that the connectivity between reading-related areas is normalized after treatment (Richards and Berninger, [@B63]; Keller and Just, [@B37]). Treatment-related changes have been also found using electrophysiology. Researchers observed changes in several reading-related event-related potential (ERP) measures (MMN: Kujala et al., [@B39]; Huotilainen et al., [@B32]; Lovio et al., [@B43]; P100: Mayseless, [@B45]; N170: Jucla et al., [@B35]; Spironelli et al., [@B93]; P300: Santos et al., [@B70]; Jucla et al., [@B35]) as well as in EEG frequency bands (Penolazzi et al., [@B57]; Weiss et al., [@B99]) after intervention.

It has been suggested that different neurobiological processing disorders might cause DD and that these differences in brain development within the group of children with DD might further influence improvement in literacy skills during treatment (Noble and McCandliss, [@B53]). However, studies examining whether there might be neurophysiological differences prior to receiving intervention between IMP and NIMP are less common. To the best of our knowledge only eight studies differentiated between IMP and NIMP (Simos et al., [@B86], [@B85]; Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Rezaie et al., [@B60],[@B61]; Molfese et al., [@B49]).

Six out of these eight studies focused on neuronal differences between IMP and NIMP after intervention. In most studies this was the consequence of applying a cross-sectional design, which investigated neurophysiological activity only after intervention (Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Molfese et al., [@B49]). These cross-sectional studies reported on normal activation patterns throughout the reading network in IMP after intervention or on brain mechanisms which are known to have a compensatory function (Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Molfese et al., [@B49]). In contrast, NIMP who had persistent deficits in reading performance were marked by aberrant activation patterns throughout the reading network (Odegard et al., [@B54]; Davis et al., [@B18]), deficiencies in ERP measures (Molfese et al., [@B49]) and lower functional connectivity between reading-related brain areas (Farris et al., [@B24]). Furthermore, two longitudinal studies conducted by Simos et al. ([@B86], [@B85]) reported on similar spatial and temporal brain activation patterns in normal developing children and 6--8-year-old (Simos et al., [@B86]) and 8--10-year-old (Simos et al., [@B85]) IMP after intervention, which was not observed in NIMP. However, Simos et al. ([@B86], [@B85]) did not report on pre-existing differences between IMP and NIMP. Small sample sizes and confounding variables such as wide age range probably mask pre-existing differences, which might be expected if different neurobiological processing disorders underlie DD and influence improvement during intervention (Noble and McCandliss, [@B53]). In line with this assumption, Rezaie et al. ([@B60],[@B61]) reported on pre-existing differences between adolescent IMP and NIMP using MEG. In contrast to control children (CON) and IMP, children, who did not improve in reading ability displayed reduced activity in left middle- and superior-temporal gyri, left supramarginal and angular gyrus and ventral occipito-temporal regions as well as in the right parahippocampal gyrus (Rezaie et al., [@B60],[@B61]). Furthermore, NIMP displayed reduced activity in the superior- and medial-temporal gyrus of both hemispheres compared to CON (Rezaie et al., [@B61]). No differences in these areas were found between CON and IMP. Interestingly, the degree of activation in these regions predicted improvement during intervention, suggesting that pre-existing neuronal activity might influence improvement during treatment.

To summarize, neuronal differences between IMP and NIMP have been reported before (Rezaie et al., [@B60],[@B61]) and after intervention (Simos et al., [@B85]; Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Molfese et al., [@B49]). Even though these studies provide interesting information about IMP and NIMP their informative value is limited due to methodological difficulties. First the cross-sectional design of most studies (Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Rezaie et al., [@B60],[@B61]; Molfese et al., [@B49]) makes clear interpretation of the results difficult. Second the inclusion criterion for DD within most of the studies was not very strict (below the 25th for Rezaie et al., [@B60],[@B61]; below the 30th percentile for Simos et al., [@B85]) or DD was assessed by non-standardized tests (Davis et al., [@B18]). This suggests that also normally developing children with somewhat poorer reading skills might have participated in previous studies. Third, differentiation between IMP and NIMP was not strict in most studies using either the median split or performance above and below of arbitrary defined percentile ranges in order to group IMP and NIMP (Simos et al., [@B86], [@B85]; Davis et al., [@B18]; Rezaie et al., [@B60],[@B61]; Molfese et al., [@B49]). Moreover small sample sizes, wide age ranges (Simos et al., [@B85]; Odegard et al., [@B54]; Farris et al., [@B24]), differences in reading ability between IMP and NIMP before intervention (Simos et al., [@B85]; Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]), partly rehabilitated NIMP (average skills in phonological awareness but not in word reading) and a big time lag between completion of the intervention and participation in the experiments (Odegard et al., [@B54]; Farris et al., [@B24]) are further methodological problems which have to be taken into account. In addition to the best of our knowledge, so far nothing has been reported about pre-existing neurophysiological differences between IMP and NIMP in childhood. However, keeping the high number of children, who don\'t improve during interventions (Shanahan and Barr, [@B75]; Vaughn et al., [@B98]; Groth et al., [@B28]) and the therapy costs involved (Georgii et al., in review) in mind it is absolutely essential to better understand possible markers of improvement and non-improvement.

In order to investigate electrophysiological differences between IMP and NIMP before and after intervention in the present study we took advantage of the phonological lexical decision (PLD)---task. In this task subjects are presented with real words (W), pseudohomophones (PH), pseudowords (PW), and false fonts (FF) and indicate whether the visually presented stimulus sounds like a real word or not (Kronbichler et al., [@B38]; van der Mark et al., [@B96], [@B97]; Schurz et al., [@B74]; Wimmer et al., [@B102]; Hasko et al., [@B30]). One major advantage of the PLD---task, is the fact, that it is a continuous reading task, which allows to study both orthographic and phonological processing in one experiment (Hasko et al., [@B30]). The PLD---task taps orthographic processing on two levels. Firstly, by comparing the letter string material (W; PH; PW) to the visual control stimuli (FF) print sensitivity will be examined. Secondly, the contrast between orthographic familiar (W) and unfamiliar (PH; PW) word material, while controlling for phonology in the case of the contrast between W and PH provides information about the subjects\' familiarity with orthographic representations. Furthermore, according to dual route models of reading (e.g., Coltheart et al., [@B15], [@B16]) contrasting of unfamiliar (PH; PW) with familiar (W) word material also taps phonological processing because grapheme-phoneme correspondence (GPC) rules need to be applied in order to sound out the orthographic unfamiliar word material (see Hasko et al., [@B30]).

Using this task we recently proposed a temporal model of reading processes (Hasko et al., [@B30]) based on the assumption of dual route models of reading (Coltheart et al., [@B15], [@B16]) in normal developing children and we found processing differences in children with DD. According to dual route models of reading (Coltheart et al., [@B15], [@B16]) reading processes take place in a hierarchical manner. After identification of visual features (contrast, color, spatial frequency) of a letter string the first step of reading processes comprises the identification of letters (Coltheart et al., [@B15], [@B16]). Our results show that the first component which is sensitive to print in contrast to non-orthographic stimuli (FF) is the N170 over occipito-temporal electrodes. At about 220 ms CON\'s N170 mean peak amplitudes are higher for orthographic material compared to FF indicating that letters are identified in this time window. After the identification of letters phonology of a letter string can be accessed in two different ways depending on the orthographic familiarity of the letter string. Familiar known words are read via the lexical route by accessing the orthographic representations in the orthographic lexicon and directly retrieving the corresponding phonological representations from the phonological lexicon. Whereas unfamiliar word forms, such as pseudohomophones and pseudowords or words for which the reader does not possess an entry in the orthographic lexicon are read by applying GPC rules in order to access the phonological representation (Coltheart et al., [@B15], [@B16]). According to dual route models of reading these processes proceed in a parallel manner (Coltheart et al., [@B15], [@B16]) and they occur at about 400 ms (Hasko et al., [@B30]). In normal developing children N400 amplitudes over centro-parietal electrodes were comparable high for W, PH, and PW suggesting that children rely on comparable reading processes for all letter strings. Thus, with respect to dual route models of reading the N400 might index the process of GPC or the searching process within in the orthographic lexicon. Access to the phonological lexicon in the PLD---task is indexed between 600 and 900 ms by a late positive complex (LPC) over left centro-parietal electrodes, which was higher for phonological familiar W and PH in contrast to PW in normally developing children. Processing differences dependent on the linguistic material in CON were observed only in the LPC, suggesting that similar reading processes were adopted independent of orthographic familiarity. With respect to children with DD our results indicated deficits on all processing steps. Firstly, a diminished mean area under the curve for the word material---FF contrasts in the time window of the N170 indicated that the degree of print sensitivity was reduced in the brain of children with DD. Secondly, reduced N400 amplitudes in children with DD pointed to less specified orthographic representations or impairments in accessing the orthographic lexicon or applying GPC rules. Lastly, the difference between phonological familiar and phonological unfamiliar word material was not found in children with DD suggesting an impaired access to phonological representations or an underspecification of phonological representations.

With respect to the first research question of the present study, namely which neurophysiological changes occur during treatment in children with DD we hypothesized to find effects on the N400. This was expected because the applied intervention programs worked on either orthographic knowledge or GPC, which is reflected by the N400. As found previously (see Hasko et al., [@B30]) we hypothesized to find higher N400 mean peak amplitudes before intervention for CON in contrast to IMP and NIMP. After intervention we expected that IMP might show an increase in N400 mean peak amplitudes, with the result that differences in N400 mean peak amplitudes between IMP and CON are diminished. No changes in N400 mean peak amplitudes over time were expected for CON and NIMP.

To answer our second research question whether there might be any neurophysiological differences between IMP and NIMP our analysis strategy was exploratory, as to the best of our knowledge there is no study, which allows deriving specific hypotheses regarding ERPs. However, previous MEG studies give us hints that differences between IMP and NIMP might be expected over temporo-parietal areas before intervention.

Methods {#s2}
=======

Participants
------------

As part of a longitudinal study 29 children without DD and 40 children with DD participated in the present study (for detailed description of recruitment procedure see Hasko et al., [@B30]). All children were tested regarding their reading and spelling abilities before and after intervention by means of German standardized tests. Common word and pseudoword reading fluency was assessed by using the one-minute-fluent reading-test (German: Ein-Minuten-Leseflüssigkeitstest \[SLRT-II\]; Moll and Landerl, [@B50]). In this measure, children are presented with a list of common words and pseudowords and are given one minute to read as many items as possible. Spelling was assessed with a basic vocabulary spelling test for grades 2--3 before intervention (German: Weingartener Grundwortschatz Rechtschreib-Test für zweite und dritte Klassen \[WRT2+\]; Birkel, [@B6]) and for grades 3--4 after intervention (German: Weingartener Grundwortschatz Rechtschreib-Test für dritte und vierte Klassen \[WRT3+\]; Birkel, [@B7]). In addition, reading comprehension was measured with a reading comprehension test for grades 1--6 (German: Leseverständnistest für Erst- bis Sechstklässler \[ELFE 1-6\]; Lenhard and Schneider, [@B42]). Moreover, measures of phonological awareness, rapid automatized naming (RAN) of numbers, letters, colors, and objects and working memory (digit span forwards and backwards from the Wechsler Intelligence Scale for Children IV; German: Hamburg-Wechsler-Intelligenztest für Kinder- IV \[HAWIK-IV\]; Petermann and Petermann, [@B58]) were taken.

In order to be included into the study the CON\'s common word reading fluency and spelling performance had to exceed the 25th percentile for both measures. Before intervention both the reading and the spelling score of children with DD had to diverge from the mean *T*-value for at least 1 SD (cutoff criteria was therefore set to a *T*-value of 40) and 1 SD from the IQ according to the regression criterion (Schulte-Körne et al., [@B72]). Thus, both a discrepancy of reading and spelling abilities from the class or age level, but also from the level expected on the basis of the child\'s intelligence was required for diagnosing DD. Children with DD were pseudorandomly assigned to one of two intervention programs. Three CON did not take part in the post treatment measurement and one CON had to be excluded from further analyses due to technical problems during EEG recording, resulting in 25 CON. From the children with DD one child started another intervention before our intervention period began and therefore recalled study participation resulting in a sample size of 39 children with DD. In the present study we were interested in the investigation of reading improvement during intervention. Therefore, children with DD were classified as IMP or NIMP after intervention according to their gain in common word reading fluency measured with the SLRT-II. Children were assigned to the group of IMP if their reading ability increased at least half SD from pre to post. We oriented our classification criteria based on results from current meta-analyses reporting effect sizes of *g* = 0.31 and *g* = 0.33 for reading interventions (Ise et al., [@B33]; Galuschka et al., [@B25]). Children whose ability did not change at all over time or did decrease from pre to post were classified as NIMP. According to this classification 12 children were identified as IMP, 21 as NIMP and 6 could not be assigned to one of the groups because their gain in common word reading fluency was between 1 and 4 *T*-values. One child from IMP and a total of 4 children from NIMP were excluded from further analyses due to excessive EEG artifacts, resulting in a sample size of 11 IMP and 17 NIMP.

Before intervention all groups had an average age of about 8 years (see Table [1](#T1){ref-type="table"}). Gender was distributed similarly in all groups \[χ^2^ = 1.35, *p* = 0.51\] and apart from 1 IMP and 4 NIMP all subjects were right-handed \[χ^2^ = 6.56, *p* = 0.04; see Table [1](#T1){ref-type="table"}\]. As can be seen in Table [1](#T1){ref-type="table"} all children had an IQ within the normal range (≥ 85 IQ points; as measured with the Culture Fair Intelligence Test; CFT 1; Cattell et al., [@B12]), the IQ of CON was significantly higher than the IQ of IMP and NIMP (*p* \< 0.05). Attention was assessed with the subscale "Attention Problems" of the Child-Behavior-Checklist (CBCL/1--4; Achenbach, [@B1]). The CBCL-score of all children was below the cut-off score (CBCL-score \< 7 for girls and CBCL-score \< 8 for boys, see Table [1](#T1){ref-type="table"}). In all reading and spelling tests IMP and NIMP performed significantly worse than CON before and after intervention (*p* \< 0.001; see Table [1](#T1){ref-type="table"}). Furthermore, CON outperformed IMP and NIMP before and after intervention in phoneme deletion, all subtests of the RAN and working memory (*p* \< 0.05). The only difference between IMP and NIMP, was found in reading comprehension where IMP performed significantly better than NIMP pre and post (*p* \< 0.05). As expected due to group assignment the common word reading fluency increased significantly over time for IMP (*p* \< 0.001) and IMP outperformed NIMP in this measure after intervention (*p* \< 0.001). Reading comprehension increased in all groups over time (*p* \< 0.001). In addition all children improved their performance from pre to post (*p* \< 0.05) in phoneme deletion and segmentation and all subtests of the RAN (apart from IMP in the subtest RAN---objects). In order to control for a confounding influence of IQ, handedness and text comprehension on the ERP results the groups were matched according to these variables resulting in sample sizes of 20, 10, and 16 children for CON, IMP, and NIMP, respectively. The Analyses of Variance (ANOVAs) presented below were also run with matched groups and significant results reported below were also observed within these calculations.

###### 

**Descriptive statistics of CON, IMP, and NIMP**.

                                                               **CON (*n* = 25)**   **IMP (*n* = 11)**   **NIMP (*n* = 17)**                                   
  ------------------------------------------------------------ -------------------- -------------------- --------------------- --------------- --------------- ---------------
  Age                                                          8.18 (0.32)          8.28 (0.39)          8.27 (0.35)                                           
  Sex (male:female)                                            13:12                8:3                  10:7                                                  
  Handedness (right:left)                                      24:1                 10:1                 13:4                                                  
  IQ[^a^](#TN1a){ref-type="table-fn"}                          112.04 (10.78)       101.55 (6.33)        104.94 (7.57)                                         
  Attention[^b^](#TN1b){ref-type="table-fn"}                   2.88 (1.83)          4.82 (2.23)          4.35 (2.06)                                           
                                                               **Pre**              **Post**             **Pre**               **Post**        **Pre**         **Post**
  Word reading (T)[^c^](#TN1c){ref-type="table-fn"}            56.36 (6.37)         54.28 (5.65)         31.55 (4.13)          38.27 (3.90)    32.24 (3.68)    29.65 (3.39)
  Word reading (RS)[^c^](#TN1c){ref-type="table-fn"}           58.28 (13.81)        73.76 (13.79)        19.36 (3.14)          39.00 (5.29)    18.53 (3.54)    27.76 (4.71)
  Pseudoword reading (T)[^c^](#TN1c){ref-type="table-fn"}      54.68 (7.66)         54.56 (9.99)         36.45 (1.51)          37.36 (5.37)    36.29 (3.90)    34.59 (3.71)
  Pseudoword reading (RS)[^c^](#TN1c){ref-type="table-fn"}     35.44 (7.34)         42.60 (8.58)         17.91 (2.84)          24.64 (5.54)    18.29 (4.07)    21.88 (3.08)
  Reading comprehension (T)[^d^](#TN1d){ref-type="table-fn"}   57.58 (8.04)         62.42 (4.75)         37.53 (2.68)          44.90 (3.99)    34.65 (2.41)    37.33 (5.55)
  Spelling (T)[^e^](#TN1e){ref-type="table-fn"}                52.28 (5.34)         55.48 (10.20)        35.27 (2.97)          33.27 (5.80)    33.94 (3.98)    32.76 (4.60)
  Phoneme deletion[^f^](#TN1f){ref-type="table-fn"}            21.16 (2.98)         23.32 (2.23)         17.09 (4.76)          19.18 (2.99)    17.65 (5.94)    19.35 (4.81)
  Phoneme segmentation[^g^](#TN1g){ref-type="table-fn"}        4.56 (2.16)          6.32 (2.10)          5.00 (2.10)           5.36 (1.57)     4.88 (2.62)     5.47 (2.38)
  RAN -- numbers[^h^](#TN1h){ref-type="table-fn"}              100.24 (20.69)       114.15 (20.17)       82.20 (10.58)         89.73 (15.49)   78.94 (14.00)   85.51 (14.14)
  RAN -- letters[^h^](#TN1h){ref-type="table-fn"}              104.72 (18.15)       120.33 (18.28)       53.67 (13.41)         59.74 (13.98)   52.07 (17.33)   63.50 (15.79)
  RAN -- colors[^h^](#TN1h){ref-type="table-fn"}               60.03 (10.55)        65.45 (11.69)        49.06 (7.83)          54.62 (8.95)    47.71 (8.49)    52.63 (10.51)
  RAN -- objects[^h^](#TN1h){ref-type="table-fn"}              51.97 (9.30)         60.34 (11.91)        40.99 (11.22)         41.15 (6.98)    37.93 (6.51)    42.43 (7.06)
  Working memory, SS[^i^](#TN1i){ref-type="table-fn"}          8.36 (2.53)          9.00 (2.72)          7.09 (1.81)           6.55 (1.64)     7.35 (1.54)     6.59 (2.35)

CON, control group; IMP, improvers; NIMP, non-improvers; n, sample size; T, T-values, T-values have a mean of 50 (SD ± 10); RS, raw scores; SS, standard scores, SS have a mean of 10 (SD ± 3);

CFT 1;

CBCL/1--4;

SLRT-II;

ELFE 1-6;

WRT 2+/WRT 3+;

number of correct items, max. 27;

number of correct items, max. 10;

items per minute;

HAWIK-IV.

Parents and children were informed about the aim, purpose, and procedure of the study and gave their written consent prior to inclusion in the study. Before and after intervention children received a present as acknowledgement for their participation in the testing session. Experimental procedures were approved by the Ethical Committee of the Faculty of Medicine at the University of Munich, Germany.

Intervention
------------

Children with DD received intervention twice a week for 6 month in an individual setting in our clinic. Intervention started in the beginning of the third grade. All children completed 40 units each lasting 45 min. Both intervention programs (IP1 and IP2) were highly structured thus assuring a consistent proceeding between therapists. Furthermore, to ensure fidelity of treatment, therapists, basically students of linguistics and speech therapy, were extensively trained before and regularly supervised during intervention by psychologists and speech and language therapists. In addition video recordings as well as the observation of single treatment sessions were used to assure treatment fidelity.

As mentioned in the section Participants children with DD were pseudorandomly assigned to the treatment groups. IP1 is based on orthographic knowledge and systematic, rule-based strategies (Schulte-Körne and Mathwig, [@B73]; Ise and Schulte-Körne, [@B34]; Schulte-Körne et al., [@B71]). It focuses on the transfer of correct phoneme discrimination and the according orthographic knowledge (e.g., in German orthography long vowels are often marked by a following silent /h/ or another vowel, whereas short vowels are often marked by two following consonants; therefore perceiving the correct vowel length is important for deducing the right orthographic rule). IP2 belongs to the group of phonics trainings (Dummer-Smoch and Hackethal, [@B21]). Words are read aloud in syllables and phonemes are used instead of letter pronunciation. It focuses on the acquisition of GPC. For this reason only words with a 1-1 GPC are used (for further information see Groth et al., [@B28]). Six IMP and 8 NIMP did receive IP1 and 5 IMP and 9 NIMP participated in IP2.

ERP paradigm and procedure
--------------------------

All children underwent ERP recording before and after intervention (6 month later). During ERP acquisition children performed a PLD---task (Hasko et al., [@B30]). In this task participants had to decide whether a visually presented stimulus sounded like a real word or not ("Does ... sound like a real word?" see Figure [1](#F1){ref-type="fig"}). Children were presented either with W (orthographically and phonologically familiar forms of German nouns), PH (phonologically correct but orthographically unfamiliar forms of the same words) or PW (phonologically and orthographically unfamiliar forms). W and PH required a "yes" response and PW should be responded with "no." For each item type (W; PH; PW) 60 stimuli were presented and every item was presented once only. To avoid a response bias toward "yes" responses we included a fourth condition, consisting of 60 FF and requiring a "no" response. FF were created by assigning a FF to each upper and lower case letter. To avoid effects due to item length and complexity all stimuli were matched for number of characters (3--7 characters). In addition W, PH, and PW were controlled for bigram frequency (see Hasko et al., [@B30], for a complete list of all stimuli used in the PLD task and for further description of item selection).

![**Phonological lexical decision task**. Words (W; e.g., Mund /mʊnt/, engl.: mouth), pseudohomophones (PH; e.g., Munt /mʊnt/), pseudowords (PW; e.g., Munk /mʊηk/) and false fonts (FF; e.g., Жﬠπ λ) were presented individually in white on black background in the center of a 17 inch screen. Participants were instructed to decide via button press whether a presented stimulus sounded like a real word or not. Figure taken from Hasko et al. ([@B30]).](fnhum-08-00441-g0001){#F1}

All stimuli were presented in white font on black background in the center of a 17″ screen using E-Prime® 2.0 software (Psychology Software Tools, Inc.). The computer screen was placed 70 cm in front of the children resulting in a vertical visual angle of 1.23° and in an average horizontal angle of 3.44°. The 240 stimuli were presented pseudorandomized in four blocks. After each block there was a short break. To ensure that the subjects fully understood the task, the experiment was preceded by a short practice-block (24 trials). Trials utilized in the practice-block did not occur in the experiment. The task was self-paced in order to make sure that even the poorest reader had enough time to read the letter string stimuli. However, all children were presented with the stimuli for a minimum of 700 ms to guarantee that all participants saw the same in the first milliseconds, which is important for ERP analysis. Participants had to decide by button press whether the presented stimulus sounded like a real word or not. Half of the children used their right hand for giving a "yes" response and the left hand for giving a "no" response, the other half used the left hand for "yes" and the right hand for "no" responses. Depending on correct or incorrect response children were provided with a feedback in form of a happy or sad face (1500 ms). The next trial appeared automatically after a blank screen of 500 ms (see Figure [1](#F1){ref-type="fig"}).

ERP recording and analysis
--------------------------

EEG was recorded during the stimulus presentation with an Electrical Geodesic Inc. 128-channel-system (see Figure [2](#F2){ref-type="fig"}, for a schematic illustration of the electrode net). The impedance was kept below 50 kΩ. EEG-data was recorded continuously with Cz as the reference electrode and sampled at 500 Hz. Further analysis steps were performed with Brainvision Analyzer (Brain Products GmbH).

![**Illustration of the 128-channel-system and electrode position taken from Electrical Geodesics Inc. ([@B26])**. Filled blue circles depict electrodes included in the ROI of the N400. Filled green circles depict electrodes included in the LH and RH ROIs of the N300.](fnhum-08-00441-g0002){#F2}

After filtering (low cutoff: 0.5 Hz, time constant 0.3, 12 dB/octave; high cutoff: 40 Hz, 24 dB/octave; Notch filter: 50 Hz; filtered continuous on raw data to avoid discontinuities and transient phenomena), removing EOG-artifacts with Independent Component Analysis (Zhou et al., [@B104]; Hoffmann and Falkenstein, [@B31]) and exclusion of other artifacts (gradient criteria: more than 50 μV difference between two successive data points or more than 150 μV in a 200 ms window; absolute amplitude criterion: more than ±150 μV; low activity: less than 0.5 μV in a 100 ms time window), the EEG was re-referenced to the average reference.

The data was then segmented into 1100 ms epochs including 100 ms pre-stimulus baseline and the ERP data was baseline corrected. For inclusion in the statistical analysis a minimum of 20 artifact free trials was necessary. Only correct trials were analyzed. Grand averages of all conditions were computed by averaging separately for each subject group (CON; IMP; NIMP) and each point in time (pre; post).

Based on our hypothesis we were interested in changes of the N400, which reflects GPC or the searching process in the orthographic lexicon. Based on the electrophysiological activity for W in CON before intervention the time window for the N400 was set 330--460 ms using running *t*-tests against zero (*p* \< 0.05) at each electrode and the following centro-parietal electrodes were selected for the region of interest (ROI): 31, 37, 42, 53, 54, 55, 61, 62, 78, 79, 80, 86, 87, 93, 129 (see Figure [2](#F2){ref-type="fig"}, e.g., Deacon et al., [@B19]; Hasko et al., [@B30]; for review see Lau et al., [@B41]; Kutas and Federmeier, [@B40]).

The analyses run to answer our second research question (whether we could identify any pre-existing electrophysiological differences between IMP and NIMP) was exploratory. During the visual inspection of electrodes and unpaired *t*-tests comparing the electrophysiological activity of IMP and NIMP we observed a hyperactivation over left and right hemispheric (LH and RH) fronto-temporal electrodes starting around 300 ms (see Figure 4). According to the timing and the topography we identified a N300 in the time window of 300--400 ms. Based on the electrophysiological activity for W in CON before intervention using running *t*-tests against zero (*p* \< 0.05) at each electrode we selected LH and RH ROIs. Electrodes included in the LH were 26, 27, 33, 34, 38, 39, 40, 44 and electrodes included in the RH were 2, 109, 114, 115, 116, 121, 122, 123 (see Figure [2](#F2){ref-type="fig"}).

Mean peak amplitude measures capturing data 20 ms before and 20 ms after the individual peak and peak latencies were exported for each electrode of the N400 and N300 ROIs using the defined time windows. The values of individual mean peak amplitudes and peak latencies were averaged after peak export for every ROI.

Statistical analysis
--------------------

To test for significant changes over time regarding the N400 mean peak amplitudes and peak latencies we computed ANOVAs. The ANOVAs included the within-subject factors *condition* (W; PH; PW) and *time* (pre; post) and the between-subject factor *group* (CON; IMP; NIMP). For clean ERP data at least 10--20 participants are recommended (Luck, [@B44]), therefore a further specification of the groups by IP1 and IP2 was not reasonable. In order to test the main hypotheses, namely changes of the N400 during treatment dependent and independent *t*-tests were calculated. Firstly, we hypothesized that CON show higher mean peak amplitudes compared to IMP and NIMP before intervention. Therefore, independent *t*-tests were tested one-sided. Furthermore, we hypothesized that N400 mean peak amplitudes should increase over time in IMP and should remain stable in CON and NIMP, which was also evaluated using one-sided alpha-level.

The expected effect that N400 mean peak amplitudes should increase over time for IMP was moderate to large but only marginally significant. The small sample size (*n* = 11) might be the main reason why the effect did not reach significance on the 5% level. Therefore, we decided to simulate the data for a larger group of IMP. The simulation was done in two steps. Firstly, we estimated the required sample size with g\*power using the observed effect size of *d* = 0.54, alpha of 0.05 and beta of 0.95. This estimation resulted in a sample size of 39 IMP. Secondly, the data of 39 IMP was generated with R using normal distribution sampling with the mean and SD of the original IMP group. For each simulated child, 1000 observations were randomly generated and the mean of these observations was calculated.

Similar ANOVAs for repeated measures were computed to analyze the N300 mean peak amplitudes and peak latencies including the additional within-subject factor *hemisphere* (LH; RH). The resulting fourfold interaction between group^\*^time^\*^condition^\*^hemisphere for the N300 mean peak amplitudes was analyzed by stratifying the data on time as we were interested in exploring pre-existing differences between IMP and NIMP. Therefore, two further ANOVAs for repeated measures were calculated separately for pre and post measures. Resulting threefold interactions were analyzed by combining two of the three factors in further ANOVAs for repeated measures. To interpret twofold interactions we ran *post-hoc t*-tests for independent and dependent samples.

The behavioral data (reaction times and accuracy on the PLD---task) was analyzed using ANOVAs for repeated measures including the within-subject factors *condition* (W; PH; PW; FF) and *time* (pre; post) and the between-subject factor *group* (CON; IMP; NIMP). Trials were excluded from analysis if the response times were lower than 200 ms and deviating more than 2.5 SD from the individual group mean within a condition type. This procedure resulted in a loss of 2.65 and 2.96% of the trials for pre and post, respectively. Furthermore, for the reaction time analysis only correct trials were included. Resulting threefold interactions were analyzed by combining two of the three factors in further ANOVAs for repeated measures. To interpret twofold interactions we ran *post-hoc t*-tests for independent and dependent samples.

If sample sizes are equal, ANOVAs are unsusceptible against violations of homogeneity of variance. Given that the sample of CON was bigger than the sample of IMP and NIMP the *F*~max~---test was applied in case of violations of the homogeneity of variances (Bühner and Ziegler, [@B11]). According to the *F*~max~---test an adjustment of the alpha-level is necessary if the critical value of *F*~max~ \> 10 is exceeded (Bühner and Ziegler, [@B11]). In none of the variables the critical value was exceeded. If necessary the Greenhouse-Geisser correction was applied to correct for violations of the sphericity assumption. The alpha level for all analyses was 0.05. In order to avoid alpha-error-inflation due to multiple comparisons the alpha level of 0.05 for follow-up tests was corrected using the Bonferroni-Holm correction (Bühner and Ziegler, [@B11]). Bonferroni-Holm correction was applied separately for each set of dependent and independent *t*-tests and for each follow-up ANOVA.

In addition to the *p*-values, effect sizes η^2^~*p*~ for ANOVAs with repeated measures and Cohen\'s *d* for independent and dependent *t*-tests are reported for significant results (Cohen, [@B14]; Bühner and Ziegler, [@B11]). Regarding the ERP data for follow-up tests detailed statistical values will be presented only for significant results, whereas non-significant results are indicated by *p* \> 0.05. For the behavioral data significant and non-significant results of the follow-up analyses will be indicated by *p* \< 0.05 and *p* \> 0.05 without reporting detailed statistical values.

Additionally, in order to better understand the significance of the N300 for improvement during treatment we computed correlations across the whole group of children with DD and for IMP and NIMP separately. Correlations were calculated between N300 mean peak amplitudes before intervention and the gain in common word reading fluency and the N400 after intervention. For common word reading fluency we used the post minus pre differences\' of raw scores (see Table [1](#T1){ref-type="table"}). Raw scores were used in order to enhance variance. As we did not observe differences between W, PH, and PW in the N400 we decided to use mean values calculated across the three letter string types for the correlation analysis. Because of the small sample size in the IMP group Cook\'s *d* was calculated for significant correlations in order to check for undue influence of single cases. All cases had a Cook\'s *d* \< 1 indicating that none of the participants had an excessive influence on the correlational results. The correlational analysis was exploratory, therefore Bonferroni-Holm correction was not applied. Significant results on the 5% and tendencies toward significance (10% alpha level) will be reported.

Results {#s3}
=======

N400
----

### Mean peak amplitudes

The analysis of the N400 mean peak amplitudes revealed only a main effect group. No main effect time, condition and no interactions could be observed (see Table [2](#T2){ref-type="table"}, first column). As no effect of condition could be observed independent and dependent *t*-tests to test our N400 hypotheses were computed across conditions (see Table [3](#T3){ref-type="table"}, for N400 mean peak amplitudes).

###### 

**Results of the ANOVAs for repeated measures with *F*-values (df), *p*-values, and effect sizes η^2^~*p*~ for the N400 mean peak amplitudes and latencies including the between-subject factor *group* (CON; IMP; NIMP) and the within-subject-factor *time* (pre; post) and *condition* (W; PH; PW)**.

  **Effect**      **Mean peak amplitudes**   **Peak latencies**                                      
  --------------- -------------------------- -------------------- ------ --------------- ----------- ------
  Group (G)       5.39 (2, 50)               **0.008**            0.18   4.95 (2, 50)    **0.011**   0.17
  Time (T)        0.68 (1, 50)               0.413                --     1.27 (1, 50)    0.265       --
  Condition (C)   2.60 (2, 100)              0.080                --     0.49 (2, 100)   0.612       --
  G\*T            2.59 (2, 50)               0.085                --     2.26 (2, 50)    0.115       --
  G\*C            0.44 (4, 100)              0.783                --     1.73 (2, 100)   0.150       --
  T\*C            0.96 (2, 100)              0.388                --     0.50 (2, 100)   0.608       --
  G\*T\*C         1.02 (4, 100)              0.402                --     1.35 (4, 100)   0.258       --

CON, control children; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention; W, words; PH, pseudohomophones; PW, pseudowords. Significant results are indicated in bold.

###### 

**N400 mean peak amplitudes in μV (SD) and latencies in ms (SD)**.

![](fnhum-08-00441-i0001)

W, words; PH, pseudohomophones; PW, pseudowords; CON, control children; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention. ^\*^IMP had significantly shorter peak latencies for all conditions before and after intervention (M = 397.38, SD = 16.40) compared to CON (M = 384.02, SD = 10.39).

In line with our hypothesis independent *t*-tests revealed higher N400 amplitudes for CON compared to IMP and for CON in contrast to NIMP before intervention (see Figure [3A](#F3){ref-type="fig"}). No difference was found between IMP and NIMP before intervention (see Figure [3A](#F3){ref-type="fig"}).

![**N400 mean peak amplitudes for control children (CON), improvers (IMP), and non-improvers (NIMP). (A)** Illustrates group differences before intervention (pre). **(B)** Depicts treatment effects. **(C)** Shows group differences after intervention (post). CP = centro-parietal electrodes included in the ROI of the N400. Negativity is depicted upwards. Error bars illustrate standard deviation. ^\*^one-sided alpha-level.](fnhum-08-00441-g0003){#F3}

Consistent with our expectation a clear trend towards increased N400 mean peak amplitudes in IMP after 6 month of intervention could be observed (see Figure [3B](#F3){ref-type="fig"}). In agreement with our assumptions N400 mean peak amplitudes remained stable over time in CON and NIMP (see Figure [3B](#F3){ref-type="fig"}). Mean peak amplitudes were comparable between CON and IMP after intervention but still diminished for NIMP in contrast to CON (see Figure [3C](#F3){ref-type="fig"}). Even though Table [3](#T3){ref-type="table"} and Figure [3C](#F3){ref-type="fig"} suggest higher N400 amplitudes in IMP in comparison to NIMP after intervention this effect does not reach significance (see Figure [3C](#F3){ref-type="fig"}).

***Simulation of the intervention effect in IMP***. Although the increase of the N400 amplitude from pre to post in IMP was moderate to large (*d* = 0.54), this effect was only marginally significant (*p* = 0.052, see Figure [3B](#F3){ref-type="fig"}). The small sample size (*n* = 11) is probably the main reason why the effect did not reach significance on the 5% alpha level. Therefore, data was simulated for a larger sample size (*n* = 39). Dependent *t*-tests of the simulated data revealed a significant increase in N400 mean peak amplitudes from pre (−0.30 μV ±1.36 SD) to post (−1.81 μV ±0.77 SD), *t*~(38)~ = 6.99, *p* \< 0.001, *d* = 1.12.

### Peak latencies

The analysis of the N400 peak latencies revealed a main effect group (see Table [2](#T2){ref-type="table"}, second column). No further effects were observed. Independent *post-hoc t*-tests showed shorter peak latencies for NIMP compared to CON, *t*~(40)~ = 2.97, *p* = 0.005, *d* = 0.96, before and after intervention and no differences in peak latencies were observed between CON and IMP as well as between IMP and NIMP before and after intervention (*p* \> 0.05; see Table [3](#T3){ref-type="table"}).

N300
----

### Mean peak amplitudes

The analysis of the N300 mean peak amplitudes revealed a main effect group, time, and condition, as well as an interaction condition^\*^hemisphere. Furthermore, the four-way interaction group^\*^time^\*^condition^\*^hemisphere reached significance (see Table [4](#T4){ref-type="table"}, first column).

###### 

**Results of the ANOVAs for repeated measures with *F*-values, *p*-values, and effect sizes η^2^~*p*~ for the N300 mean peak amplitudes and latencies including the between-subject factor *group* (CON; IMP; NIMP) and the within-subject-factor *time* (pre; post), *condition* (W; PH; PW), and *hemisphere* (LH; RH)**.

  **Effect**       **Mean peak amplitudes**   **Peak latencies**                                           
  ---------------- -------------------------- -------------------- ------ -------------------- ----------- ------
  Group (G)        4.76 (2, 50)               **0.013**            0.16   3.11 (2, 50)         0.054       --
  Time (T)         4.15 (1, 50)               **0.047**            0.08   0.10 (1, 50)         0.748       --
  Condition (C)    4.74 (2, 100)              **0.011**            0.09   0.32 (1.75, 87.58)   0.322       --
  Hemisphere (H)   2.11 (1, 50)               0.152                --     0.01 (1, 50)         0.936       --
  G\*T             1.90 (2, 50)               0.161                --     0.59 (2, 50)         0.556       --
  G\*C             1.19 (4, 100)              0.319                --     0.76 (3.5, 87.58)    0.537       --
  G\*H             1.05 (2, 50)               0.358                --     0.08 (2, 50)         0.920       --
  T\*C             0.35 (2, 100)              0.158                --     0.11 (2, 100)        0.897       --
  T\*H             3.11 (1, 50)               0.084                --     0.42 (1, 50)         0.521       --
  C\*H             3.11 (2, 100)              **0.049**            0.06   4.31 (1.78, 89.35)   **0.020**   0.08
  G\*T\*C          0.71 (4, 100)              0.589                --     1.41 (4, 100)        0.236       --
  G\*T\*H          0.13 (2, 50)               0.883                --     0.20 (2, 50)         0.820       --
  G\*C\*H          1.81 (4, 100)              0.132                --     3.01 (3.57, 89.35)   **0.027**   0.11
  T\*C\*H          0.95 (2, 100)              0.389                --     0.79 (2, 100)        0.459       --
  G\*T\*C\*H       3.70 (4, 100)              **0.008**            0.13   2.32 (4, 100)        0.062       --

CON, control children; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention; W, words; PH, pseudohomophones; PW, pseudowords; LH, left hemisphere; RH, right hemisphere. Significant results are indicated in bold.

In order to explore this four-way interaction two separate ANOVAs were conducted for each point in time. The analysis of the N300 mean peak amplitudes before intervention revealed a significant interaction group^\*^condition^\*^hemisphere, *F*~(4,\ 100)~ = 3.84, *p* = 0.006, η^2^~*p*~ = 0.13. No main effects and no further interactions could be observed (*p* \> 0.05). In order to interpret this three-way interaction separate follow-up ANOVAs were run by combining two of the three factors.

***Follow-up ANOVAs for each hemisphere***. For the LH we found a main effect condition, *F*~(1,\ 50)~ = 3.84, *p* = 0.015, = 0.08, and an interaction group^\*^condition, *F*~(2,\ 50)~ = 3.05, *p* = 0.020, η^2^~*p*~ = 0.11. No main effect group could be observed (*p* \> 0.05). Independent *post-hoc t*-tests revealed that IMP had higher amplitudes for PW in contrast to CON and NIMP in the LH (see Figure [4A](#F4){ref-type="fig"}). In CON and NIMP amplitudes for PW were comparable high (see Figure [4A](#F4){ref-type="fig"}). No group differences were found for W and PH (see Figure [4A](#F4){ref-type="fig"}). Mean amplitudes for W, PH, and PW did not differ within CON, IMP, and NIMP (*p* \> 0.05).

![**N300 mean peak amplitudes for control children (CON), improvers (IMP), and non-improvers (NIMP) before intervention. (A)** Illustrates group differences in the left hemisphere (LH). **(B)** Depicts group differences in the right hemisphere (RH). FT = fronto-temporal electrodes included in the LH and RH ROI of the N300. Negativity is depicted upwards. Error bars illustrate standard deviation.](fnhum-08-00441-g0004){#F4}

For the RH the main effect group, *F*~(2,\ 50)~ = 4.59, *p* = 0.015, η^2^~*p*~ = 0.16, was significant. No main effect condition and interaction group^\*^condition could be observed (*p* \> 0.05). Independent *post-hoc t*-tests calculated across conditions revealed higher mean peak amplitudes for IMP in contrast to CON and NIMP (see Figure [4B](#F4){ref-type="fig"}). No difference was found between CON and NIMP (*p* \> 0.05, see Figure [4B](#F4){ref-type="fig"}).

***Follow-up ANOVAs for each condition***. As could be expected from the ANOVAs run separately for each hemisphere (see above) the analysis revealed a main effect group for PW, *F*~(2,\ 50)~ = 5.99, *p* = 0.005, η^2^~*p*~ = 0.19. No hemisphere effect as well as no interaction group^\*^hemisphere could be observed (*p* \> 0.05). Independent *post-hoc t*-tests revealed higher N300 mean peak amplitudes for IMP in contrast to CON, *t*~(34)~ = 2.97, *p* = 0.005, *d* = 1.11 and NIMP, *t*~(26)~ = −3.29, *p* = 0.003, *d* = 1.32, bilaterally and no difference was found between CON and NIMP (*p* \> 0.05, see Figures [4A,B](#F4){ref-type="fig"}). For W and PH no main effects and no interactions were found (*p* \> 0.05).

***Follow-up ANOVAs for each group***. A twofold interaction condition^\*^hemisphere did occur within the IMP group, *F*~(2,\ 20)~ = 5.10, *p* = 0.016, η^2^~*p*~ = 0.34, and no main effect condition or hemisphere was observed for the IMP group (*p* \> 0.05). This interaction suggests that mean peak amplitudes are higher for PW in contrast to W and PH specifically in the LH (see Figure [4A](#F4){ref-type="fig"}). However, dependent *post-hoc t*-tests did not reveal amplitude differences between conditions in the LH and RH (*p* \> 0.05). Furthermore, mean peak amplitudes were comparable high between the LH and RH for W, PH, and PW (*p* \> 0.05). For CON and NIMP no main effects and no interactions were found (*p* \> 0.05).

To summarize IMP in contrast to CON and NIMP are marked by higher N300 mean peak amplitudes for all conditions in the RH and additionally for PW in the LH.

After intervention no significant main effect group, time, condition and no significant interactions between these factors could be observed for the N300 mean peak amplitudes (*p* \> 0.05, see Table [5](#T5){ref-type="table"} and Figure [5](#F5){ref-type="fig"}).

###### 

**N300 mean peak amplitudes in μV (SD) and latencies in ms (SD)**.

![](fnhum-08-00441-i0002)

W, words; PH, pseudohomophones; PW, pseudowords; LH, left hemisphere; RH, right hemisphere; CON, control children; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention. ^\*^In NIMP PW in the LH over pre and post (M = 333.64, SD = 11.31) are significantly smaller compared to W (M = 339.81, SD = 11.50) and PH (M = 339.91, SD = 11.28).

![**Illustration of the N300 after intervention**. FT = fronto-temporal electrodes included in the left hemispheric and right hemispheric ROI of the N300 for control children (CON), improvers (IMP), and non-improvers (NIMP). Negativity is depicted upwards.](fnhum-08-00441-g0005){#F5}

### Peak latencies

The analysis of the N300 peak latencies revealed a twofold interaction condition^\*^hemisphere and a threefold interaction group^\*^condition^\*^hemisphere (see Table [4](#T4){ref-type="table"}, second column). Because the twofold interaction was modulated by the factor group follow-up ANOVAs were conducted for each group over both points in time by combining the factors condition and hemisphere.

The follow-up ANOVAs revealed a significant interaction condition^\*^hemisphere for the NIMP group, *F*~(2,\ 32)~ = 7.59, *p* = 0.002, η^2^~*p*~ = 0.32, the main effect condition and the main effect hemisphere were not significant (*p* \> 0.05). In the LH NIMP had shorter peak latencies for PW in contrast to W, *t*~(16)~ = −3.35, *p* = 0.004, *d* = 0.81, and PH, *t*~(16)~ = −3.19, *p* = 0.006, *d* = 0.77, peak latencies between W and PH were comparable (*p* \> 0.05, see Table [5](#T5){ref-type="table"}). No difference between conditions was found in the RH and peak latencies did not differ for none of the conditions between LH and RH (*p* \> 0.05). No significant main effect condition, hemisphere and no significant interaction condition^\*^hemisphere could be observed for CON and IMP (*p* \> 0.05).

Behavioral results
------------------

### Accuracy

Performance on the PLD---task revealed a main effect group, time and condition, as well as the twofold interactions group^\*^condition and time^\*^condition (*p* \< 0.05, see Table [6](#T6){ref-type="table"}, first column).

###### 

**Results of the ANOVAs for repeated measures with *F*-values (df), *p*-values, and effect sizes η^2^~*p*~ for the accuracy and reaction times of the behavioral task including the between-subject factor *group* (CON; IMP; NIMP) and the within-subject-factor *time* (pre; post) and *condition* (W; PH; PW; FF)**.

  **Effect**      **Accuracy**            **Reaction times**                                               
  --------------- ----------------------- -------------------- ------ ---------------------- ------------- ------
  Group (G)       31.26 (2, 50)           **\<0.001**          0.56   38.06 (2, 50)          **\<0.001**   0.60
  Time (T)        4.64 (1, 50)            **0.036**            0.09   56.21 (1, 50)          **\<0.001**   0.53
  Condition (C)   150.76 (2.08, 104.05)   **\<0.001**          0.75   382.44 (1.70, 85.10)   **\<0.001**   0.88
  G\*T            0.21 (2, 50)            0.814                --     12.97 (2, 50)          **\<0.001**   0.34
  G\*C            16.89 (4.16, 104.05)    **\<0.001**          0.40   37.18 (3.40, 85.10)    **\<0.001**   0.60
  T\*C            6.00 (2.30, 115.21)     **0.002**            0.11   35.05 (2.63, 131.33)   **\<0.001**   0.41
  G\*T\*C         1.82 (4.61, 115.21)     0.120                --     6.06 (5.25, 131.33)    **\<0.001**   0.20

CON, control children; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention; W, words; PH, pseudohomophones; PW, pseudowords; FF, false fonts. Significant results are indicated in bold.

In order to better understand the two-way interaction between the factors time and condition dependent *post-hoc t*-tests were calculated. Accuracy rates increased over time for W and PH (*p* \< 0.05) and slightly decreased for FF (*p* \< 0.05). No difference between pre and post was found for PW (*p* \> 0.05; see Figure [6A](#F6){ref-type="fig"}). Furthermore, dependent *post-hoc t*-tests revealed that all children gave more correct answers to FF compared to the linguistic material (W, PH, and PW) before and after intervention (*p* \< 0.05). In addition, accuracy rates were pre and post higher for W compared to PH and PW (*p* \< 0.05). And all children had higher accuracy rates for PH compared to PW before intervention and after intervention (*p* \< 0.05, see Figure [6A](#F6){ref-type="fig"}).

![**Behavioral results for the PLD---task for control children (CON), improvers (IMP), and non-improvers (NIMP) before (pre) and after (post) intervention. (A)** Depicts accuracy data and **(B)** illustrates reaction time data. Error bars illustrate standard deviation. ^\*^*p* \< 0.05; ns, non-significant.](fnhum-08-00441-g0006){#F6}

Dependent *post-hoc t*-tests in order to explain the twofold interaction between group and condition revealed the accuracy pattern FF \> W \> PH \> PW (*p* \< 0.05) as described above for IMP and NIMP. In CON, however, no difference between correct answers for PH and PW (*p* \> 0.05) could be detected resulting in an accuracy pattern with FF \> W \> PH = PW (see Figure [6A](#F6){ref-type="fig"}). Independent *post-hoc t*-tests revealed that over both, pre and post, CON\'s performance was better to all linguistic stimuli compared to IMP and NIMP (*p* \< 0.05). No difference in none of the conditions was found between IMP and NIMP and no group differences were found for FF (*p* \> 0.05 see Figure [6A](#F6){ref-type="fig"}).

### Reaction times

Performance on the PLD---task revealed a significant main effect group, time and condition, as well as the significant interactions group^\*^time, group^\*^condition, time^\*^condition and group^\*^time^\*^condition (see Table [6](#T6){ref-type="table"}, second column). In order to better understand the threefold interaction separate follow-up ANOVAs were run by combining two of the three factors.

***Follow-up ANOVAs for each point in time***. The analysis before and after intervention revealed a significant main effect group and condition as well as the interaction group^\*^condition (*p* \< 0.05).

***Follow-up ANOVAs for each condition***. For W, PH, and PW the ANOVAs revealed a significant main effect group and time as well as the interaction group^\*^time (*p* \< 0.05). No significant effects were found for FF (*p* \> 0.05).

***Follow-up ANOVAs for each group***. For CON the analysis revealed a significant main effect condition as well as the interaction condition^\*^time (*p* \< 0.05) but no main effect time (*p* \> 0.05). For IMP and NIMP a significant main effect time and condition and the interaction condition^\*^time occurred (*p* \< 0.05).

In the following the results of the independent and dependent *post-hoc t*-tests calculated in order to examine the twofold interactions will be summarized.

Independent *post-hoc t*-tests indicated that CON had shorter reactions times to W, PH, and PW compared to IMP and NIMP before intervention and after intervention (*p* \< 0.05). No differences for W, PH, and PW were found for the comparison between IMP and NIMP before and after intervention (*p* \> 0.05). For FF no group differences were found before and after intervention (*p* \> 0.05, see Figure [6B](#F6){ref-type="fig"}).

Dependent *post-hoc t*-tests within each group revealed the same pattern of reaction times for all groups before and after intervention. CON, IMP, and NIMP had longer reaction times for all linguistic stimuli compared to FF before intervention and after intervention (*p* \< 0.05). Furthermore, all groups showed shorter reaction times for W compared to PH and for W compared to PW before and after intervention (*p* \< 0.05). And all groups responded slower to PW compared to PH before and after intervention (*p* \< 0.05, see Figure [6B](#F6){ref-type="fig"}).

Reaction times did not change over time in CON for W, PH, PW, and FF (*p* \> 0.05). However, IMP and NIMP had faster reaction times after intervention for W, PH, and PW (*p* \< 0.05). No changes from pre to post were observed for FF in IMP and NIMP (*p* \> 0.05, see Figure [6B](#F6){ref-type="fig"}).

Correlational results
---------------------

When interpreting the correlation results, please note that N300 and N400 mean peak amplitudes have negative values. Larger increase in common word reading fluency was significantly correlated to higher N300 mean peak amplitudes before intervention for W and PH in the RH and PW in the LH and by trend for PW in the RH. Furthermore, a larger increase in pseudoword reading fluency was correlated significantly to higher N300 mean peak amplitudes for W in the RH and by trend for PW in the LH. The linear relationship between N300 before intervention in the RH and gain in common word reading fluency remained stable only in the group of IMP (please see Table [7](#T7){ref-type="table"}). Even though only the correlation between N300 mean peak amplitudes before intervention for PH in the RH and increase in common word reading fluency reached significance in the IMP group, the resulting correlations were large, ranging from *r* = −0.54 to *r* = −0.59 (see Table [7](#T7){ref-type="table"}). Furthermore, higher N400 mean peak amplitudes after intervention were related to higher N300 mean peak amplitudes before intervention for PW in the LH and by trend for W and PH in the LH in children with DD. In the IMP group higher N400 mean peak amplitudes after intervention were related to higher N300 mean peak amplitudes before intervention for PH and PW in the LH (see Table [7](#T7){ref-type="table"}).

###### 

**Pearson correlations across the whole group with DD and within the group of IMP and NIMP between the N300 before intervention and the gain in word and pseudoword reading fluency and the N400 after intervention**.

  **Pre**     **Children with DD (*n* = 28)**                **IMP (*n* = 11)**                             **NIMP (*n* = 17)**                                                                                                                                                                                                
  ----------- ---------------------------------------------- ---------------------------------------------- --------------------------------------------- ---------------------------------------------- ---------------------------------------------- --------------------------------------------- ----------- ------------ -----------
  N300 (μV)   W reading                                      PW reading                                     N400 (μV)                                     W reading                                      PW reading                                     N400 (μV)                                     W reading   PW reading   N400 (μV)
  W; LH       −0.13                                          −0.02                                          **0.34([^\*^](#TN3){ref-type="table-fn"})**   0.32                                           −0.02                                          0.33                                          −0.02       0.13         0.30
  PH; LH      −0.32                                          −0.29                                          **0.35([^\*^](#TN3){ref-type="table-fn"})**   0.19                                           −0.13                                          **0.85[^\*\*^](#TN2){ref-type="table-fn"}**   −0.36       −0.41        0.04
  PW; LH      **−0.39[^\*^](#TN1){ref-type="table-fn"}**     **−0.34([^\*^](#TN3){ref-type="table-fn"})**   **0.38[^\*^](#TN1){ref-type="table-fn"}**     0.37                                           −0.40                                          **0.65[^\*^](#TN1){ref-type="table-fn"}**     −0.02       −0.07        0.15
  W; RH       **−0.58[^\*\*^](#TN2){ref-type="table-fn"}**   **−0.41[^\*^](#TN1){ref-type="table-fn"}**     0.21                                          **−0.54([^\*^](#TN3){ref-type="table-fn"})**   **−0.59([^\*^](#TN3){ref-type="table-fn"})**   0.03                                          0.05        0.02         0.16
  PH; RH      **−0.46[^\*^](#TN1){ref-type="table-fn"}**     −0.11                                          0.15                                          **−0.62[^\*^](#TN1){ref-type="table-fn"}**     −0.05                                          0.02                                          0.15        0.16         0.07
  PW; RH      **−0.36([^\*^](#TN3){ref-type="table-fn"})**   −0.17                                          −0.03                                         −0.41                                          −0.10                                          −0.01                                         −0.02       −0.03        −0.15
  Mean; RH    **−0.53[^\*\*^](#TN2){ref-type="table-fn"}**   −0.26                                          0.13                                          **−0.58([^\*^](#TN3){ref-type="table-fn"})**   −0.31                                          0.01                                          −0.08       −0.06        0.02

DD, developmental dyslexia; IMP, improvers; NIMP, non-improvers; pre, before intervention; post, after intervention; post -- pre, difference between pre and post measures; W reading, common word reading fluency from the SLRT II; PW reading, pseudoword reading fluency from the SLRT-II; W, words; PH, pseudohomophones; PW, pseudowords; LH, left hemisphere; RH, right hemisphere;

*p* \< 0.001;

*p* \< 0.05;

p \< 0.10.

Discussion {#s4}
==========

The aim of the present study was twofold. On the one hand we wanted to clarify whether growth in common word reading fluency during treatment is related to changes in the N400. Furthermore, we were interested whether we could identify pre-existing differences on the neurophysiological level between IMP and NIMP. In order to achieve our aims we investigated a PLD---task before and after children with DD were trained in literacy skills over 6 months. We investigated the ERPs of IMP, who did improve in common word reading fluency for at least half a SD, NIMP who did not show any increase in common word reading fluency and normally developing children.

Reading improvement is reflected in an increase of N400
-------------------------------------------------------

As both trainings worked on either orthographic knowledge or GPC we hypothesized to find changes in the N400 (see Introduction), which reflects GPC or the searching process in the orthographic lexicon (Hasko et al., [@B30]). In line with our previous study (Hasko et al., [@B30]) we were able to show that both groups of children with DD (IMP and NIMP) had reduced N400 mean peak amplitudes compared to CON before intervention. The reduced N400 amplitudes in IMP and NIMP point to less specified orthographic representations or impairments in accessing the orthographic lexicon or in applying GPC rules (Hasko et al., [@B30]). As hypothesized a clear trend towards increased N400 amplitudes over time in IMP only was observed. This might indicate an alteration of the process reflected by this component. Thus, in line with previous electrophysiological (Kujala et al., [@B39]; Santos et al., [@B70]; Jucla et al., [@B35]; Penolazzi et al., [@B57]; Spironelli et al., [@B93]; Huotilainen et al., [@B32]; Mayseless, [@B45]; Lovio et al., [@B43]) and neuroimaging studies (Simos et al., [@B83]; Aylward et al., [@B4]; Temple et al., [@B94]; Eden et al., [@B22]; Shaywitz et al., [@B76]; Simos et al., [@B84], [@B87]; Richards et al., [@B62]; Meyler et al., [@B48]; Richards and Berninger, [@B63]; Keller and Just, [@B37]) we found evidence for neurophysiological changes during treatment. This suggests that specific deficient processes in DD, in our case processes related to the N400, are malleable in children with DD. The design of the present study does not allow testing which proportion of reading improvement is related to the applied treatments and which proportion is due to other factors not related to the treatment. Probably due to the small sample size in the IMP group (*n* = 11) the increase in N400 amplitudes, which was moderate to large failed to reach significance. Simulation of the data for a larger sample of IMP revealed a significant increase in the N400 confirming our assumption that the small sample size is the main reason for why the effect does not reach significance.

Due to our classification criterion the common word reading fluency of IMP increased significantly but was still below average after intervention. Therefore, we expected to find increased N400 amplitudes for IMP and thus diminished differences between IMP and CON in N400 amplitudes. However, the differences between IMP and CON were not only diminished after intervention, but absent. N400 amplitudes of CON slightly decreased over time and thus contribute to the absence of differences between IMP and CON, even though this effect does not reach significance. Although no condition effect could be observed, Table [3](#T3){ref-type="table"} shows that the slight decrease in N400 amplitudes is mainly the result of a reduction of the N400 component for W, whereas amplitude means remain stable for PH and PW. A decrease of N400 amplitudes for W in CON is what might be expected with maturation of the reading network. In line with this, it has been found that N400 amplitudes were smaller to orthographic familiar word forms compared to unfamiliar word forms in adults (e.g., Braun et al., [@B8]; Briesemeister et al., [@B9]). This suggests that adults in contrast to children (Hasko et al., [@B30]) adopt different reading strategies for orthographic familiar and unfamiliar word material. In the framework of dual route models of reading (Coltheart et al., [@B15], [@B16]) less effort is needed in order to find a fitting orthographic representation for familiar words in the orthographic lexicon, whereas the search in the orthographic lexicon is prolonged and GPC rules have to be applied in case of unfamiliar word forms resulting in enhanced N400 amplitudes (Hasko et al., [@B30]). Thus, the observations in the present study might denote the beginning development of the orthographic familiarity effect for the N400 suggesting that some of the W do already possess an entry in the orthographic lexicon and are read via accessing the phonological lexicon directly from the orthographic lexicon in typically developing children. It might be interesting to further investigate when the maturation of the orthographic familiarity effect is fully developed as it indicates the point in time when children steadily use orthographic representations to access phonological representations for familiar word forms.

As expected, children who continued to struggle with common word reading fluency after intervention in our study did not show neurophysiological changes over time. This is consistent with previous research reporting that NIMP continuously display abnormal activation patterns throughout the neuronal reading network (Simos et al., [@B85]; Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Molfese et al., [@B49]). One question which remains unanswered is why some children with DD improve during intervention, whereas other do not. This leads directly to our second research question, namely whether there might be any pre-existing differences between IMP and NIMP, which could give insight into improvement and non-improvement.

Profiling improver and non-improver
-----------------------------------

Surprisingly, although the hypothesis of neurodiversity within DD has been raised several times (McCandliss and Noble, [@B47]; Shaywitz et al., [@B76]; Noble and McCandliss, [@B53]) neurobiological differences and their influence on improvement in literacy skills during treatment have been neglected in previous intervention studies, thus the analysis run to answer this question in the present study was exploratory. During the inspection of single electrodes and t-maps comparing the topographical distribution between IMP and NIMP we observed a hyperactivation distributed over left and right temporo-frontal electrodes starting around 300 ms after stimulus onset (see Figure [4](#F4){ref-type="fig"}). Based on the topographical distribution and latency the negative potential was identified as N300. The N300 was investigated employing different tasks and was attributed as being related to grapheme-phoneme conversion (Bentin et al., [@B5]; Penolazzi et al., [@B56]), phonological word analysis (Spironelli and Angrilli, [@B91], [@B92]) and the integration of orthographic and phonological representations (Hasko et al., [@B29]).

In the present study IMP revealed before intervention higher N300 amplitudes for W, PH, and PW in the RH and additionally for PW in the LH compared to NIMP and CON. This suggests that enhanced N300 amplitudes might play an important role for improvement in common word reading fluency, which was further strengthened by our correlational results. Correlations calculated across the whole group of children with DD largely reflected the group differences found for IMP and NIMP, i.e., children who improved in common word reading fluency were those who had higher N300 amplitudes for W, PH, and PW (only marginal significant) in the RH and for PW in the LH before intervention. Especially, higher N300 amplitudes over the RH seem to play an important role for reading improvement as the same pattern of correlation between N300 amplitudes over the RH before intervention and improvement in common word reading fluency was found for IMP only. Children with the highest N300 amplitudes over the RH before intervention displayed also the strongest improvement in common word reading fluency. Even though only the correlation between N300 mean peak amplitudes before intervention for PH in the RH and increase in common word reading fluency reached significance in the IMP group, the resulting correlations were large, ranging from *r* = −0.54 to *r* = −0.59 and are therefore noteworthy.

In previous fMRI studies investigating the PLD---task (Kronbichler et al., [@B38]; Wimmer et al., [@B102]) it has been found that this task induces activation throughout the neural reading network including the inferior-frontal subsystem. As mentioned in the introduction evidence for aberrant activation patterns in this subsystem in DD was not as clear as for the left hemispheric posterior subsystem, where hypoactivation was reported repeatedly (Simos et al., [@B83]; Demonet et al., [@B20]; Kronbichler et al., [@B38]; Shaywitz and Shaywitz, [@B80]; Richlan et al., [@B65]). With regard to the inferior-frontal subsystem some studies report an hypoactivation (Paulesu et al., [@B55]; Wimmer et al., [@B102]; for meta-analyses see: Richlan et al., [@B65], [@B66]); whereas others observed an hyperactivation (Salmelin et al., [@B68]; Shaywitz et al., [@B82]; Brunswick et al., [@B10]; for review see: Pugh et al., [@B59]; Sandak et al., [@B69]) in subjects with DD. In line with these inhomogeneous results children with DD in the present study varied with respect to their N300 amplitudes over right and left fronto-temporal electrodes depending on reading improvement or non-improvement with IMP showing significantly higher N300 amplitudes before intervention. It has been suggested that the inferior-frontal subsystem might be involved in articulation processes (Shaywitz and Shaywitz, [@B80]). Maybe IMP try to adopt different not efficient reading strategies via articulation processes in order to compensate for less specified orthographic representations, impairments in accessing the orthographic lexicon or in applying GPC rules as reflected by reduced N400 amplitudes. This strategy is probably not being applied in the NIMP group, for what reason is unsolved so far.

The observance of pre-existing differences on the neurophysiological level between IMP and NIMP in the present study is in line with the results of Rezaie et al. ([@B60],[@B61]) who also reported differences between adolescent IMP and NIMP prior to intervention. In contrast to the present study, however, activation profiles of IMP in the studies of Rezaie et al. ([@B60],[@B61]) seemed to resemble the activation profile of CON. Whereas NIMP were marked by aberrant activation patterns throughout the reading network in contrast to CON, the only difference between IMP and CON was observed in higher activity within the pars opercularis for CON in contrast IMP (Rezaie et al., [@B60],[@B61]). This suggests that poor reading skills in NIMP might be stronger influenced by neurobiological factors, whereas for low reading skills in IMP environmental factors like home literacy or socioeconomic status might play an important role. In addition, our results contrast the outcome of Simos et al.\'s ([@B86], [@B85]) studies who did not observe differences depending on improvement before intervention. One possible explanation for the absence of neurobiological differences in the study of Simos et al. ([@B85]) could be the wide age range, as children from 8 to 10 years were included. As this is a very sensitive age for reading development this might probably mask pre-existing differences between IMP and NIMP. Furthermore, in the 2005 study of Simos et al. the NIMP group consisted only of three children allowing to make only descriptive comparisons between IMP and NIMP and thus failing to find pre-existing differences.

Due to the cross-sectional design of the studies of Rezaie et al. ([@B60],[@B61]), assessing neurobiological activity only before treatment, no statement can be made about neurobiological differences between IMP and NIMP after intervention. And studies comparing IMP and NIMP only after intervention (Odegard et al., [@B54]; Davis et al., [@B18]; Farris et al., [@B24]; Molfese et al., [@B49]) are limited as it cannot be resolved whether group differences between treatment IMP and NIMP is a cause or the result of improvement. An advantage of the present study is that we have assessed electrophysiological correlates before and after treatment. Interestingly, together with the improvement in reading ability and the increase in the N400 component the N300 amplitudes are higher in IMP compared to CON and NIMP only before intervention. This suggests that the N300 might index a compensatory mechanism or precursor, which facilitates reading improvement as well as the development of the N400 and is given up in favor of the more efficient process reflected by the N400. This is in line with a previous study by Shaywitz et al. ([@B76]) showing that efficient activations throughout the neural reading network were enhanced and compensatory mechanisms were abandoned after a reading intervention. An important role of enhanced N300 amplitudes over the RH for improvement in common word reading fluency as suggested by the correlational results has been hypothesized above. Furthermore, the correlational results indicate that N300 amplitudes over the LH might be related to the increase in the N400. IMP with higher N300 amplitudes over the LH for PH and PW before intervention were those who had higher N400 amplitudes after intervention. Thus, the engagement of the LH seems to be of particular importance for the increase in the N400. At first sight this stands in contrast to our finding that especially the N300 amplitudes over the RH before intervention might be related to reading improvement. In a previous study it has been found that IMP in contrast to NIMP were marked by significantly higher functional connectivity between left and right inferior frontal regions (Farris et al., [@B24]). The authors suggested that IMP might use the connectivity from LH to RH in order to engage the RH when tasks are difficult. Therefore, with respect to the present study we might hypothesize that enhanced N300 amplitudes over the RH are the result of higher connectivity from LH to RH allowing the engagement of the RH. Thus, it might be concluded that children with highest amplitudes over the LH and highest connectivity between LH and RH show the strongest improvement as indexed by enhanced N400 amplitudes and growth in common word reading fluency. Another explanation might be that the higher LH N300 amplitudes just reflect some additional compensatory mechanism, which is present in IMP only. Because the whole correlational analyses were exploratory no terminal conclusions can be drawn about the relation between the N300 and the increase in common word reading fluency and N400 amplitudes. Future research should further investigate whether the N300 truly has a predictive quality for reading improvement.

When interpreting the above mentioned data it is important to control for group differences on a behavioral level, as these too might influence improvement in literacy skills. Previous studies have reported, that especially, word-reading skills before intervention, phoneme awareness, rapid naming, IQ, and attention have an influence on improvement in literacy skills (Wise et al., [@B103]; Torgesen et al., [@B95]). However, in the present study IMP and NIMP had a very similar cognitive profile (see Table [1](#T1){ref-type="table"}) suggesting that these factors might play a subordinate role for reading improvement in the present study. Only with respect to reading comprehension IMP differed from NIMP with the latter showing significantly lower reading comprehension skills before and after intervention. Lower performance in reading comprehension might point to deficits in oral language skills. It has been argued that reading comprehension deficits probably arise from poor vocabulary knowledge, weak grammatical skills, and difficulties in oral language comprehension (Snowling and Hulme, [@B89]). Furthermore, it has been found that general verbal ability predicts growth in reading ability (Torgesen et al., [@B95]). Thus, our results suggest that NIMP in addition to deficits in common word reading fluency are marked by stronger impairments in oral language skills in contrast to IMP, impeding reading improvement, and suggesting that NIMP might probably profit from training of oral language skills. Unfortunately, oral language skills were not assessed in this study, therefore this assumption cannot fully be answered.

Previous studies reported that up to 30% of struggling readers do not benefit from intervention (Shanahan and Barr, [@B75]; Vaughn et al., [@B98]). With a proportion of 50% our study shows that this number might be even larger. As has been reported above several factors, including word-reading skills before intervention, phoneme awareness, rapid naming, IQ, attention and general verbal ability might influence improvement in literacy skills. Thus, depending on the cognitive profile of children included in the respective studies improvement rates might vary between studies. Furthermore, and most important differences in improvement rates also depend on the operationalization of improvement in literacy skills. Improvement rates will be differing depending on which ability (e.g., phonological awareness, reading fluency, reading comprehension, spelling, etc.) and which cut-off criteria (0.5 SD, 1 SD, median, observation of therapists) is used. So far there are no guidelines or suggested criteria how to define improvement. With respect to the present study we oriented our cut-off criteria on results from current meta-analyses reporting effect sizes of *g* = 0.31 and *g* = 0.33 for reading interventions (Ise et al., [@B33]; Galuschka et al., [@B25]).

Limitations
-----------

One limitation of the present study was the quite small sample size of our IMP group, albeit greater (often two times larger) in contrast to many previous studies. Probably due to the small sample size some of the observed effects were only marginally significant. This limits the degree to which the results can be generalized and interpretations have to be drawn cautiously. Therefore, the study needs replications with larger sample sizes. Furthermore, due to small sample sizes, splitting our groups according to type of intervention (IP1 vs. IP2) was not reasonable. Therefore, the present study does not allow discriminating intervention effects depending on the type of treatment. Future studies investigating treatment IMP and NIMP need to take into account that groups will be divided in two and that depending on the definition of improvement in literacy skills some children might be excluded from the study, meaning very large sample sizes are needed.

Conclusion {#s5}
==========

In the present study we attempted to investigate the ERPs related to reading improvement. To summarize, children who significantly improve in reading during intervention are marked by an increased N400 component, which reflects GPC or the searching process within the orthographic lexicon. Children who continue to struggle in reading do not exhibit any neurophysiological changes over time. Furthermore, IMP and NIMP can be discriminated according to their neurophysiological profile already before intervention. Only IMP display higher N300 mean peak amplitudes over right fronto-temporal electrodes when processing W, PH, and PW and additionally over left fronto-temporal electrodes for PW. The importance of N300 amplitudes for reading improvement is strengthened by the correlational results in the IMP group. The higher the N300 amplitudes over the RH before intervention the larger the improvement in common word reading fluency. Furthermore, IMP with higher N300 amplitudes over the LH before intervention have higher N400 amplitudes after intervention. After intervention the N300 of IMP is equally high to the N300 of CON and NIMP suggesting that the N300 might index a compensatory mechanism or precursor, which facilitates the development of the N400 as well as reading improvement.

Future research should concentrate on the examination of the special needs of NIMP. What are the factors that make them more resistant to environmental change? Do they exhibit a different type of DD and therefore have to be treated in a different way? But how can this be identified? Which role play genetic differences for reading improvement? With respect to the present study NIMP seem to be a special group, who might benefit from another type of training. Lower reading comprehension skills in NIMP in the present study point to more pronounced impairments in oral language skills in contrast to IMP. Therefore, the NIMP in the present study might possibly profit from an additional training in oral language skills (Snowling and Hulme, [@B88], [@B90]). Answering these questions would help enormously to improve and adjust intervention for children with DD.

Important for all future studies, is to keep in mind that children with DD, even though matched with respect to their cognitive profile might differ regarding their neuronal profile. In fact, it is extremely difficult to categorize children on the behavioral level when the underlying cause of their DD might be very different with contributions from neurophysiology, neurobiology, genetics and environment. Future intervention studies should carefully distinguish between IMP and NIMP as the mixture of these children might even distort the results.

One of the main future goals is to further examine the N300 effects and to verify whether they can be replicated and hold true for a large sample size. Furthermore, future research should investigate whether the N300 might be a predictor for reading improvement in response to treatment. If the N300 truly has a predictive quality for response to intervention then it would be possible to streamline therapies for certain children.
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